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ABSTRACT 9 
The efficiency of pond and constructed wetland (CW) treatment systems, is influenced by the internal hydrodynamics and mixing 10 
interactions between water and aquatic vegetation. In order to contribute to current knowledge of how emergent real vegetation affects 11 
solute mixing, and on what the shape and size effects are on the mixing characteristics, an understanding and quantification of those 12 
physical processes and interactions was evaluated. 13 
This paper presents results from tracer tests conducted during 2015-2016 in six full-scale systems in the UK under different flow 14 
regimes, operational depths, shapes and sizes, and in-/outlet configurations. The aim is to quantify the hydraulic performance and 15 
mixing characteristics of the treatment units, and to investigate the effect of size and shape on the mixing processes. Relative 16 
comparison of outlet configuration, inflow conditions, and internal features between the six different treatment units showed variations 17 
in residence times of up to a factor of 3. A key outcome of this study, demonstrated that the width is a more important dimension for 18 
the efficiency of the unit compared to the depth. Results underlined the importance of investigating hydrodynamics and physics of flow 19 
in full-size units to enhance treatment efficiency and predictions of water quality models. 20 
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HIGHLIGHTS 30 
 Even inflow distribution of influent and smooth operational conditions is important to be 31 
maintained in the system; disruption of even inflow conditions was found to result into poor solute 32 
mixing levels, and into internal recirculations of the contaminant in treatment. 33 
 Bunded outlet configuration can improve significantly the mixing and hydraulic performance of 34 
the treatment unit. 35 
 Internal configuration using baffles curtains as retrofit has the potential to enhance significantly 36 
the hydraulic performance of the treatment unit. 37 
 The width of the treatment unit was found to be a more relevant dimension to the 38 
solute/contaminant mixing characteristics compared to the depth. 39 
LIST OF ACRONYMS 40 
CW  Constructed Wetland 41 
HRT  Hydraulic Residence Time 42 
RSPB  Royal Society of Bird Protection 43 
SW1  South Wetland 1 44 
SW2  South Wetland 2 45 
NW  North Wetland 46 
A-WMTS A-Winning Minewater Treatment Scheme 47 
RTD  Residence Time Distribution 48 
CSTR  Completely Stirred Tank Reactor 49 
TIS  Tank In Series 50 
ERAR  Environmental Risk Assessment Research 51 
CRD  Chemical Regulatory Directorate  52 
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1. INTRODUCTION 53 
Global water contamination is gaining increasing importance at an international level. Mitigation 54 
of water pollution has nowadays become a priority for the environmental management, as water 55 
resources become severely contaminated due to various anthropogenic activities. As a consequence, 56 
there is an increasing engagement to set and advance regulations and policies internationally to 57 
protect drinking water quality (2006/7/EC) (European Commission, 2006), and aquatic ecosystems, 58 
as enacted by the EU Water Framework Directive (2000/60/EC) (European Commission, 2000).  59 
Many stakeholders have shown their interest in the increasing contamination of the natural water 60 
recipients and drinking water supplies. Environmental managers require information about urban and 61 
agricultural runoff pollution to preserve standards; the farming community (i.e. farm advisers, and 62 
farmers), various national regulators (i.e. Environment Agency, and Chemical Regulatory 63 
Directorate), and modellers need information to conform to the environmental regulations and water 64 
quality criteria. Moreover, utility managers use information related to travel time and quality of the 65 
treated effluents entering watercourses. 66 
Effective water management is needed in order to alleviate the stresses on water as a resource, 67 
which is related to the economic value of water, to human health through access to good quality of 68 
drinking water supplies, to degradation of aquatic ecosystems, and to global food markets. Therefore, 69 
understanding the spread of contamination in waterways is of high importance. Within the 70 
environmental context, it has been observed that ecological engineering resources, as the Sustainable 71 
Drainage Systems, are capable of mitigating pollution and of providing water purification (Wu et al, 72 
2013). Integration of natural drainage systems, such as constructed wetlands (CWs), vegetated ponds, 73 
swamps, permeable pavements and more, are used to manage flood incidents and to treat 74 
contamination in the source (Scholz et al 2007; Woods-Ballard et al, 2007). Increased interest, 75 
however, has raised in CWs, because of the multiple benefits they afford, including low energy and 76 
cost input, water quality enhancement, flood moderation, and environmental amenities (Vymazal, 77 
2010). 78 
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Within the best management practices context, CWs and constructed ponds are increasingly 79 
utilized for the treatment of a variety of contaminants, including agricultural, urban and highway 80 
runoff, wastewater, mine and other industrial water effluent types. They aim to moderate and control 81 
the impact of source and non-point source water pollution, affording environmentally friendly and 82 
promising infrastructure (Vymazal & Březinová, 2015). Beyond purification properties, CWs and 83 
ponds offer a variety of services, including flood moderation, ecological and recreational use. 84 
It is helpful to distinguish between ponds and wetlands, because they afford different hydraulic 85 
and hydrological features, eventually resulting in different water quality processes. Constructed 86 
ponds are typically small manufactured open-water bodies with little water stage fluctuation, and 87 
usually limited marginal vegetation; whereas CWs are shallow detention systems, with occasionally 88 
intermittent water flow, and are normally covered with emergent aquatic plants (Persson et al, 1999).  89 
The competence of CWs in removing a diversity of pollutants is registered and ratified by 90 
numerous internationally published studies to-date (most recently including: Diaz et al, 2012; Fia et 91 
al, 2013; Lee et al, 2015; Pappalardo et al, 2016; Rossmann et al, 2013; Selvamurugan et al, 2010; 92 
Tournebize et al, 2015). Nevertheless, the main focus of research in CWs and ponds has been directed 93 
on treatment processes, i.e. biological and chemical, comparing in-/outgoing concentrations of 94 
pollutants. However, this approach treats the systems as black boxes, overlooking that the physical 95 
flow characteristics is a key transport and removal means of the pollutant, and hence, a key factor of 96 
the overall system performance (Polprasert & Bhattarai, 1985; Kadlec, 1994; Min & Wise, 2009). As 97 
a consequence, there has been less research dedicated to the hydraulic performance of systems, to the 98 
investigation of design parameters related to hydraulic processes, and to the interdependence between 99 
hydraulic and water quality processes. 100 
Prediction of the downstream pollution levels poses a current challenge to designers and modellers 101 
of CWs. Understanding and knowledge around mixing processes in vegetated flows is still an area of 102 
research, especially in full-scale units. The presence of vegetation influences mixing properties in the 103 
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units, whilst non-idealised geometrical shapes and channel irregularities contribute to non-uniform 104 
flow fields. In addition, treatment efficacy is related to hydraulic residence time, and thus discharge 105 
of effluents at shorter residence times than the designed is undesirable. Treatment efficacy is, 106 
furthermore, linked to mixing processes, since pollutant concentrations downstream are expected to 107 
abate through spread and dilution, and through degradation processes. Understanding how pollution 108 
transports in vegetated flows and in large-scale non-idealised shaped units will provide information 109 
that has been restricted by studies using artificial vegetation or conducted in idealised small-scale 110 
laboratory conditions. 111 
Factors that importantly determine the performance of aqueous systems involve hydrological and 112 
meteorological elements (Persson & Wittgren, 2003), and actual system shape (Persson, 2000). It is 113 
generally agreed that the hydraulic residence time (HRT) dictates the removal efficacy, and is 114 
principally connected to hydrological conditions (Dierberg et al, 2002). Furthermore, Lee et al (2015) 115 
highlighted that rainfall intensity, rainfall depth, and antecedent dry days are critical components in 116 
the removal of diffused pollutants. The overall hydrodynamics of CWs are highly dependent upon 117 
the aspect ratio (AR), the in-/outlet arrangement, and obstructions designation and layout, i.e. 118 
vegetation, isles etc. (Persson et al, 1999). Importantly, Johannesson et al (2015) noted high 119 
dependence between pollutants’ retention and CW AR, recommending higher aspect ratios for better 120 
treatment. Therefore, it is apparent that the hydraulic design of the treatment unit should not be 121 
ignored. 122 
The hydraulic efficiency, λ, lies within the wider context of hydraulic performance, and is a 123 
measure expressing the combined effects of the distribution of incoming water in the system and of 124 
the amount of mixing in the system (Persson et al, 1999). Several studies have investigated factors 125 
that influence hydraulic performance of CWs and ponds, and have tried to optimise the systems and 126 
to provide general design guidelines (Aguwamba, 2006; Bodin et al, 2012; Diaz et al, 2012; German 127 
et al, 2005; Holland et al, 2004; Jadhav & Buchberger 1995; Koskiaho, 2003; Persson et al, 1999; 128 
Persson, 2000; Somes et al, 1999; Su et al, 2009; Wörman & Kronnäs, 2005). Nevertheless, the 129 
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majority of those studies was either conducted via simulations (which overlooks the field effects), or 130 
has neglected vegetation (which affects the hydrodynamics). In order to add further knowledge and 131 
rigour on the CW and pond hydrodynamics, studies have been undertaken using empirical data (lab 132 
or field), and vegetation (synthetic, dowel, or real) (Chyan et al, 2014; Nepf et al, 1997; Nepf, 1999; 133 
Nepf, 2012; Shucksmith, 2008; West, 2016). 134 
This paper presents empirical data obtained in full-scale cells of free-water surface CWs and 135 
lagoons in the UK. The primary aim of this paper is to investigate, quantify and assess the impact of 136 
design features on the hydraulic behaviour and on the mixing and physical flow characteristics in 137 
assorted shaped and full-size treatment units on the actual site. The ultimate objectives intend to 138 
contribute to the current body of knowledge by: i) applying and assessing the current theoretical 139 
understandings developed in idealised conditions, thus including the field effects; ii) evaluating the 140 
effect of size of a treatment unit on the contaminant dispersion, and thus on treatment efficiency; iii) 141 
understanding the effect of various design parameters on hydraulic performance, improving the 142 
design guidelines; iv) underlining the importance of investigating hydrodynamics and physics of flow 143 
in treatment units, besides the sole focus on treatment performance. 144 
2. METHODOLOGY – EXPERIMENTAL SETUP 145 
2.1 The Cases Studied 146 
Six full-size investigation sites were studied (four CWs and two lagoons). The topographic map 147 
and details of each unit are provided in this section. The geometric characteristics, influent type, and 148 
location of the systems are summarised in Table 2.1. 149 
Table 2.1. Geometric characteristics of the investigated systems, influent type, and location. 150 
Two CWs are located in the RSPB farm, Cambridgeshire, and are in-series, connected via a 115m 151 
open channel, with South Wetland 1 (SW1) upstream, and South Wetland 2 (SW2) downstream, as 152 
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illustrated in Figure 1. Both units are shallow and unbunded, with fully emergent vegetation, 153 
Phragmites australis. Flow depends on precipitation. 154 
Figure 1: Schematic plan view for the in-series SW1 and SW2. 155 
North Wetland (NW) is located at the north part of the RSPB farm, Cambridgeshire. This unit is 156 
deeper compared to SWs, as it is bunded at the outlet, i.e. water is discharged via a closed pipe (see 157 
Figure 2). Flow regime is intermittent and depends on rainfall. Phragmites australis is the main plant 158 
species. 159 
Figure 2: Schematic plan view for NW. 160 
The A-Winning Minewater Treatment Scheme (A-WMTS) includes a CW in Derbyshire. The unit 161 
has two inlets, as seen in Figure 3, each of which receives water from an upstream lagoon; incoming 162 
water is distributed across a weir at the inlet. The unit has two outlets, and treated water ends up into 163 
the adjacent brook. Water is pumped at a constant rate, whilst vegetation is fully emergent common 164 
reeds (Phragmites australis). It has to be noted that in January 2016 lagoon A broke down, thus 165 
disrupting the two inlet normal inflow conditions. Investigation of the single inlet inflow 166 
configuration was conducted to assess the hydraulic performance and mixing characteristics. 167 
Figure 3: Schematic plan map for A-WMTS. 168 
Clough Foot minewater treatment scheme (located Yorkshire) consists of two identically sized 169 
lagoons, operating in parallel arrangement. There is a control, and a baffled system, with the latter 170 
having been retrofitted using curtains, in order to enhance lagoon hydraulics. The schematic of the 171 
baffled system is shown in Figure 4. Control lagoon is identical, excluding the baffle curtains. 172 
Figure 4: (Left) Clough Foot Baffled Lagoon, indicating curtain locations, orientations and flow path through 173 
the lagoon. (Right) Baffle curtains (Taken from Chamberlain & Moorhouse, 2016). 174 
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2.2 Hydraulic Tracer Tests 175 
In order to derive the residence time distribution (RTD) and describe the systems hydraulically, 176 
fluorescent dye Rhodamine WT was used as tracer, injecting an impulse at the inlet of each system. 177 
Fluorescent tracer concentrations were determined at the outlet using Cyclops-7 fluorometers. 178 
2.3 Background on wetland hydraulic theory 179 
In plug flow theory, it is customary to adopt the theoretical or nominal residence time, tn. This 180 
is denoted as the fraction of wetland volume, Vtot, over discharge, Q. However, this basic standard 181 
rule might not fit well in actual wetland conditions, due to variations in flow velocity, heterogeneous 182 
mixing processes (i.e. bed topography and spatial vegetation distribution), and wind interference, all 183 
of which create a distribution of residence times in each water particle entering the system, ultimately 184 
leading to a distribution of travel times. Such deviations from the ideal pattern cause some water 185 
particles to depart earlier or later from the system, resulting either in short-circuiting or dead zones 186 
respectively (Thackston et al, 1987). The RTD function E(t) is defined in Equation 1: 187 
𝐸(𝑡) =
𝑄(𝑡)𝐶(𝑡)
∫ 𝑄(𝑡)𝐶(𝑡)𝑑𝑡
∞
0
=
𝑄(𝑡)𝐶(𝑡)
∑ 𝑄(𝑡)𝐶(𝑡)𝑑𝑡𝑛𝑖=1
 (Equation 1) 
where E(t)=RTD function (s-1); Q(t)=outlet flow rate at time t (m3 s-1); C(t)=outlet tracer concentration 188 
at time t (ppb); t=sampling time (s); dt=sampling time interval (s). 189 
The mean residence time, tm, also known as HRT, is the average time that a tracer particle stays in 190 
the system, defined as the first moment of the RTD, given in Equation 2: 191 
𝑡𝑚 = ∫ 𝑡𝐸(𝑡)𝑑𝑡 = ∑ 𝑡𝐸(𝑡)𝑑𝑡
𝑛
𝑖=1
∞
0
 (Equation 2) 
Variance, σ2 (s2), is a measure of the RTD spread and corresponds to the second moment, computed 192 
by Equation 3: 193 
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𝜎2 = ∫ (𝑡𝑚 − 𝑡)
2𝐸(𝑡)𝑑𝑡 = ∑(𝑡𝑚 − 𝑡)
2𝐸(𝑡)𝑑𝑡
𝑛
𝑖=1
∞
0
 (Equation 3) 
Employing the concept of Taylor (1953), longitudinal dispersion can be characterised by Equation 4. 194 
Dx encompasses the effects of velocity shear and turbulent mixing. 195 
Dx =
u2
2
dσt
2(x)
dt
  (Equation 4) 
where u=longitudinal velocity (m/s). 196 
The hydraulic efficiency, λ, is a measure of the system’s ability to distribute the flow evenly within 197 
the occupying water volume, and also to achieve adequate mixing or recirculation. Persson et al 198 
(1999) have classified λ into bands of good (i.e. λ>0.75), satisfactory (i.e. 0.5<λ≤0.75), and poor (i.e. 199 
λ≤0.50). The λ in this paper was calculated by Equation 5 (Bodin et al, 2012; Chyan et al, 2014), 200 
because it is considered as a more realistic value of the system’s efficiency: 201 
𝜆 =
𝑡𝑝
𝑡𝑚
= 𝑒 ∙ (1 −
1
𝑁
)    (Equation 5) 
in which tp=peak concentration time (s) of RTD, and N=the number of the equally sized completely 202 
stirred tank reactor (CSTR) tanks used in the tank in series (TIS) mass transport model (Levenspiel, 203 
1966). As such, a completely mixed reactor is represented by one TIS (N =1), while plug flow 204 
corresponds to infinite number of TIS (N=∞). 205 
The shortest travel time, 𝑡1
′ , from the inlet to the outlet identifies a common index for short-circuiting. 206 
This refers to the quickest flow path in the system and corresponds to the first arrival time of the 207 
tracer at the outlet. Another commonly used short-circuiting index is t10, which is the 10
th percentile 208 
of the tracer having exited the outlet. Two further short-circuiting indices employed in this paper were 209 
t50/tn and 𝑡16/tn. 210 
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3. RESULTS & DISCUSSION 211 
In this study, four CWs and two lagoons were assessed for their hydrodynamic properties. RTD 212 
curves are initially analysed qualitatively to define the general hydrodynamic trends in each system. 213 
Secondly, transport parameters obtained from the RTD analyses are compared (see Table 3.1). Lastly, 214 
discussion and general conclusions and recommendations are drawn from the empirical data, to add 215 
rigour and knowledge in the current operational and design of CW and ponds. 216 
3.1 Qualitative Analysis of the RTD curves 217 
A summary of the hydrodynamic transport parameters derived from the RTD analysis for each 218 
selected test are listed in Table 3.1, where columns refer to each aqueous system, and rows present 219 
an assortment of parameters related to hydrodynamic, mixing and physical flow characteristics. RTDs 220 
were obtained by monitoring the tracer concentration at the outlet of each system, and are presented 221 
in Figure 5 (a)-(f), allowing assessment of the global flow trends. In particular, there is a strong 222 
correlation between the left side plots in Figure 5 ((a), (c), and (e)), indicating strong short-circuiting, 223 
whereas the right side plots in Figure 5 ((b), (d), (f)) undergo distinctly lower amount of short-224 
circuiting, larger amount of active volume, and greater dispersion mainly due to the prolonged tails. 225 
The left side plots in Figure 5 ((a), (c), and (e)), present a type of RTD that combines plug flow 226 
with some longitudinal mixing, according to Danckwerts (1953). Furthermore, the fact that tm is very 227 
early compared to the expected tn demonstrates that preferential paths are prevalent in those systems, 228 
while minimal longitudinal mixing takes place, as suggested by the short trailing edges. These tails 229 
occur because the residual of the dye mixed in the main volume, takes slightly longer time to exit the 230 
system. It is remarked that the high short-circuiting noticed in the Control Lagoon, is attributed to the 231 
buoyancy effect from water temperature, as observed from the Rhodamine WT and the visible water 232 
vapours. The tracer rapidly traverses the Control Lagoon, utilising only the top layer of the water 233 
column, eventually leaving intact the majority of the total available volume. On the other hand, short-234 
circuited flows in SWs are attributed primarily to the downstream unbunded (non-dammed) layout. 235 
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That condition does not support water hold-back in the system, and promotes stream-like rather than 236 
wetland function. 237 
Table 3.1: Hydrodynamic transport parameters obtained from RTD analyses. 238 
The right side plots in Figure 5 ((b), (d), (f)) indicate distinctly lower short-circuiting, larger 239 
effective volumes, e, and greater dispersion. The RTDs of the Baffled Lagoon and of the NW suggest 240 
plug flow with longitudinal mixing, while the A-WMTS RTD demonstrates large active volume and 241 
a large quantity of stagnant backwaters. 242 
Figure 5: Compiled RTD curves for each case study. 243 
3.2 Quantitative Assessment of Transport Parameters 244 
In order to evaluate quantitatively the hydrodynamics of the six studied aqueous systems, transport 245 
parameters were derived from the individual RTDs (see Table 3.1). Comparison, discussion and 246 
interpretation of the characteristics of the systems takes place in the following sections, in terms of 247 
hydraulic performance parameters, and flow and mixing characteristics. 248 
3.2.1 Hydraulic residence time (HRT), effective volume (e) 249 
The six investigated systems were of different size (see Table 2.1), and thus, of different nominal 250 
residence times, tn. However, of similar size were the three RSPB CWs, namely SW1, SW2, NW. 251 
Based on the system size (i.e. total available volume from all three dimensions), the measured HRTs 252 
(or tm) should follow the order of: Clough Foot Lagoons > A-WMTS > NW > SW1 > SW2. This 253 
assumption is ratified by the tm values obtained (see Table 2.1). Nevertheless, HRTs of the Control 254 
Lagoon, SW1 and SW2 were too far from their relevant expected tn value, which imply highly short-255 
circuited flows, whereas the Baffled Lagoon and NW displayed smaller divergence between those 256 
values. Consequently, the effective volume, Veff, in the Control Lagoon, SW1 and SW2 was 257 
significantly lower compared to the design volume. This stresses the need for appropriate selection 258 
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of design parameters (particularly to avoid dead zones and to reduce preferential flow paths). In 259 
contrast to the above, HRT in A-WMTS was close to the corresponding tn value, implying large active 260 
volumes, i.e. e≈0.8. According to Thackston et al (1987), based on the e-values, the Control Lagoon 261 
encounters big quantities of dead zones, while SW1, NW and Baffled Lagoon undergo moderate 262 
amounts of dead zones. It is of note that the baffled curtains retrofit increased significantly the 263 
proportion of the active volume in the lagoon (i.e. approximately 3 times), albeit the post retrofit e-264 
value still indicates significant dead water volumes, inferring the need for further improvement of the 265 
internal hydraulics. 266 
Related to the aggregated dead zone model (Beer & Young, 1983), dispersive fraction, Df, is a 267 
parameter that quantifies the ratio of the river reach acting as a dead zone to the total reach volume; 268 
therefore, it indicates the ratio of the reach responsible for the dispersion of the tracer. As such, 269 
variation in Df might be comparable to the Dx. Df values closer to unity indicate high proportion of 270 
dead zones. Results showed lower, but similar, Df values in SW1 and SW2, whilst maximum and 271 
same, Df values in the Clough Foot Lagoons (see Table 3.1). It is of interest, that the baffle curtains 272 
retrofit did not contribute to any reduction of the Df fraction, thus implying high proportion of dead 273 
regions, albeit the flow regime has turned into plug flow. 274 
3.2.2 Hydraulic Efficiency (λ) 275 
There is some differentiation between hydraulic performance and efficiency. Hydraulic 276 
performance is set in a wider context, covering more elements of flow conditions (e.g. short-277 
circuiting), and is overall less value-oriented (Persson, 2000). On the other hand, hydraulic efficiency, 278 
λ, indicates both how well the incoming water distributes in the system, and also the amount of mixing 279 
or recirculations (Wong & Somes 1995). By definition, λ incorporates e, and (1-1/N), where the latter 280 
term describes the RTD shape. Therefore, high e values do not necessarily entail high λ values, as 281 
proved by Persson et al (1999). 282 
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In several of the hypothetical cases Persson et al (1999) investigated, although e-value was very 283 
high, the RTD shape (expressed either as mixing, or as recirculation or stagnant backwaters) had a 284 
significant effect in reducing the final value of λ. For example, Somes et al (1998) investigated various 285 
options of channel bathymetries, and of vegetation layouts through simulations, and found that plug 286 
flow is not invariably the best case, as compromises may be needed for the N (i.e. selecting lower N 287 
in order to achieve increased mixing) in order to achieve enhanced λ values. In this study, λ is 288 
expressed as the ratio of tp over tm, and the reason for choosing to use tm is to obtain the actual 289 
hydraulic efficiency of the system. Referring to Table 3.1, the use of tn for the estimation of λ would 290 
not be representative of the actual conditions of the unit, due the overall large divergence between tm 291 
and tn in the majority of the treatment units. 292 
3.2.3 Flow patterns and Longitudinal Mixing 293 
Figure 5 (a)-(f) demonstrates that the Control Lagoon, SW1 and SW2 behave like plug flow 294 
reactors, with minimal longitudinal dispersion. The lower N in SW1 compared to SW2 is supported 295 
by the larger Dx coefficient obtained in SW1. The flow pattern in NW and Baffled Lagoon shows 296 
some similarity, and suggests plug flow with some longitudinal dispersion. However, mixing is 297 
greater in the Baffled Lagoon, as demonstrated by the lower N value, and the greater Mo and Dx/Wu* 298 
values. This indicates greater efficiency of baffles in promoting mixing. RTD obtained from A-299 
WMTS connotes a system with lots of dead water. In that context, the majority of the tracer passes 300 
through a restricted channel, while a considerable fraction of the tracer is caught in eddies and 301 
stagnant backwaters. 302 
Overall, Peclet number, Pe, reveals the degree of advective flow taking place in the order of: SW2 303 
> SW1 > NW, which is consistent with the higher velocities observed (see Table 3.1). The mixing 304 
properties indicators, N and Mo=t90/t10, are consistent, following an ascending order as: SW2 > SW1 305 
> NW > Baffled Lagoon > A-WMTS > Control Lagoon. This order connotes more plug flow 306 
conditions in SW2 and more mixing in Control Lagoon. In addition to this, the temperature buoyancy 307 
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effect of the tracer in the Control Lagoon promoted the tracer to advect at the top surface layer straight 308 
through the lagoon, and contributed to the high Mo value obtained. 309 
The dimensionless longitudinal mixing Dx/hu*, as employed in streams by Rutherford (1994), 310 
appears to receive comparable longitudinal mixing values between SW2 and Baffled Lagoon, and 311 
between SW1 and Control Lagoon. However, as those systems are totally different in terms of 312 
geometry (i.e. dimension, shape), flow depth, h, might not be the appropriate dimension to normalise 313 
Dx in wetlands/ponds. As such, Dx was also normalised by the width, W, of the treatment unit, as seen 314 
in Table 3.1. The relationship between the inverse of Pe (which is the Dispersion number) against 315 
normalised longitudinal dispersion coefficient using the W, Dx/Wu*, is presented in Figure 6 (Left), 316 
where low 1/Pe values entail more advection. Figure 6 (Left) indicates a positive correlation between 317 
mixing (thus Dispersion number) and W, and suggests that width plays an important role in the mixing 318 
and that the scale effects between the small and larger systems are minimal. However, given that Pe 319 
depends on length, L, umean and Dx, there might be an expected relationship with the Dx/Wu*. Figure 320 
6 (Right) presents 1/Pe against longitudinal dispersion coefficient normalised by flow depth, h (thus 321 
Dx/hu*), and indicates that use of the h between systems of different shape and scale does not provide 322 
a representative dimension to normalise the Dx. The difference is apparent particularly in the larger 323 
full-size units run by The Coal Authority (see Figure 6 (Right)). 324 
Figure 6: 1/Pe against Dx/Wu* indicating zero scale effects between the systems. (Right) 1/Pe against Dx/hu* 325 
indicating different scale effects between the systems. Width appears to be a more important dimension compared 326 
to depth in affecting mixing characteristics in different scale systems. 327 
Another element that influences the mixing degree is the aspect ratio, AR = L/W. Persson (2000) 328 
underlines that the CW AR does not only affect the effective volume ratio, e, but also the amount of 329 
dispersion. In particular, high AR promotes plug flow, and diminishes dispersion levels. Comparison 330 
of the AR with the Dx values for each system, is not possible because of the different processes causing 331 
the dispersion in each system, and the different inflow and outflow conditions. However, a typical 332 
comparison between the Control and Baffled lagoons evidences that increase in AR (as happened after 333 
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the retrofit) increased e and HRT, whilst it decreased Dx, promoting plug flow (Ioannidou & Pearson, 334 
2017). 335 
The short-circuiting indices used in this study included 𝑡1
′ , t10, 𝑡16/tn and t50/tn. Greatest short-336 
circuiting was observed in SW1-2 and in the Control lagoon. This was instantly observed in left side 337 
Figure 5, where the tn is substantially far from tm, demonstrating that advection is the dominant flow 338 
pattern. However, despite NW being of similar shape and dimensions as SW1-2, it manages to retain 339 
the tracer 6 times longer, dissipate maximum and mean velocities at least by 5 times, while 𝑡1
′  is 4-340 
fold delayed. This is particularly attributed to the deeper outlet layout conditions, providing a good 341 
reference for CW/pond design construction. 342 
Investigating the short-circuiting in the two identical lagoons, results suggest that the baffle 343 
curtains retrofitting attenuates short-circuiting at least by 50%. Therefore, suggesting that simple 344 
system modifications, such as using obstacles or baffles of long width, can reduce radically short-345 
circuiting in a treatment unit. 346 
3.3. Comparative evaluation of the six investigated units 347 
A comparative evaluation of the hydraulic and treatment performance among the six treatment 348 
units is made in relation to various hydraulic performance parameters. In addition to this, 349 
recommendations to ameliorate the current hydraulics in each system, and general good design 350 
practices are discussed. 351 
3.3.1. Effect of Obstacles and Baffles on the HRT & Hydraulic Performance 352 
HRT is an indication of the hydraulic and treatment performance, in such a way that longer HRT 353 
entails enhanced treatment (Dierberg et al, 2002; Lee et al, 2015; Stern et al, 2001; Pappalardo et al, 354 
2016; Tournebize et al, 2016). HRT depends on the hydrology (i.e. water depth, flow rate), and 355 
hydraulics (i.e. obstructions, vegetation, and system shape, i.e. AR) (Johannesson et al, 2015; Kadlec, 356 
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1990; Jadhav & Buchberger, 1995). Given the highest HRT in the Baffled Lagoon in comparison 357 
with the other five units, this system would probably exhibit the best efficiency for a variety of 358 
treatment effluents, i.e. municipal and industrial wastewater, agricultural and urban runoff. 359 
HRT was very short in both SW1 and SW2; thus, it is inferred that their size, internal hydraulics 360 
and outlet configuration pose both SWs inadequate to achieve good treatment levels for agricultural 361 
runoff pollutants, as isolated individual units. However, the combined effects of a number of units in 362 
series, may be considered as summative, thus inducing further mitigation and reduction efficiency of 363 
agricultural runoff. 364 
In the case of Clough Foot lagoons, it is observed that for the same system shape (i.e. control and 365 
baffled), the baffle curtains retrofit managed to increase significantly various hydraulic parameters, 366 
and in particular: λ by 5 times (by 67%), e by 3 times (by 80%), and HRT by 3 times (by 68%), overall 367 
enhancing also the treatment efficacy (Ioannidou & Pearson, 2017). In particular, iron and aluminium 368 
removal increased by 41% and 34% respectively, after the retrofitting (Chamberlain & Moorhouse, 369 
2016). This underlines the interdependence between hydraulic and treatment performance, stresses 370 
the need to study both fields of sciences closely, and underpins that internal hydraulics and physics 371 
of flow should not be overlooked. The difference between the hydraulic and treatment efficiency, 372 
possibly results from existing large dead regions in the Baffled Lagoon, which most likely occurs 373 
either due to the thermal stratification or due to the need of further retrofitting practices to reduce the 374 
stagnant backwaters. Another reason could be the different season that the tracer (i.e. February) and 375 
the metal monitoring data (May-October) was undertaken, entailing less thermal stratification effect 376 
over summer months. 377 
3.3.2. Short-Circuiting & Hydraulic Optimisation 378 
In terms of optimising hydraulically the available volume, SW2 appears to combine very good λ 379 
and e values, implying that the impact of stagnant backwaters on the pollutant mitigation mechanisms 380 
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is minimal. However, SW2 functions as a well-mixed pipe or stream, as demonstrated by the RTD 381 
profile (Figure 5 (e)) and from the high short-circuiting levels, thus is deemed as poor construction 382 
in terms of treating pollutants as is. Therefore, taking into consideration the HRT, λ and e values, both 383 
NW and A-WMTS systems would be considered the best ones to mitigate treatment effluents more 384 
efficiently, compared to the other treatment units. 385 
Considering internal configuration improvement, baffle curtains retrofit managed to reduce 386 
notably the short-circuiting levels.  Su et al (2009) recommended implementation of obstructions to 387 
enhance the hydraulic efficiency of a treatment unit, if that is poor by construction. Furthermore, the 388 
authors found that the number of obstructions is not so important, as is their width, to enhance λ and 389 
to reduce internal recirculations. It is recommended that AR must be at least larger than 1.88 to allow 390 
for λ >0.7 (Su et al, 2009). However, despite fulfilling the AR criterion in all the six examined units 391 
of this study, it was not necessarily achieved λ or e values close to, or larger than 0.7. Furthermore, 392 
Su et al (2009) recommended AR>5 to achieve λ>0.9, case that is observed to apply merely for the 393 
SW2. The divergence of Su et al’s (2009) design recommendations indicate that they should be dealt 394 
only as indicators, probably mainly because their results were produced through numerical 395 
simulations, and refer to ideal shapes (thus omitting the field effects), which is rarely the case in 396 
reality. Nevertheless, a combination of a bunded outlet in conjunction with rectangular obstacles, 397 
within internal configuration, in SW1 and SW2 is expected to improve significantly their current 398 
performance. 399 
3.3.3. Effect of Inflow Condition on Hydraulic Performance 400 
The inflow configuration has an effect on short-circuiting and effective volume of the treatment 401 
unit. Persson (2000) demonstrated that having an inlet along the whole base reduces short-circuiting, 402 
enhances significantly the active volume and hydraulic efficiency, and decreases the amount of 403 
mixing. Su et al (2009) investigated various ways to improve the hydraulic performance in CWs, 404 
demonstrating that uniform inflow spreading is the best possible inflow configuration that can be 405 
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implemented at the inlet. In the units operated by The Coal Authority, i.e. A-MWTS, Control and 406 
Baffled Lagoons, the inlet configuration approximates the recommended uniform inflow spread. 407 
In A-WMTS in particular, during normal inflow operational conditions (i.e. operation of both 408 
lagoons), inflow occurs via two inlets and spreads across a large weir (see Figure 3). The active 409 
volume achieved is 80%, although the RTD profile indicated stagnant backwaters (Figure 5 (f)). In 410 
addition to this, tracer tests showed that Rhodamine WT was not instantly spread uniformly across 411 
the inlet, but followed initially a specific preferential path (Figure 7), and afterwards it became well 412 
mixed. 413 
Figure 7: Tracer route during the normal inflow operational condition. Tracer takes an initial preferential 414 
path (Photo taken 3/12/15). 415 
As soon as pumping to lagoon A failed, normal inflow conditions were disrupted. The single-inlet 416 
configuration (i.e. single lagoon operation) promoted a different flow regime, where inflow was 417 
forced toward the low flow velocity zone, at the right side of the inlet weir (Figure 8 (a)), and influent 418 
spread more slowly, following a different route, which used the right side of the wetland (Figure 8 419 
(b)). At the single-inlet condition, tracer/pollutant followed a different path as entering the CW, 420 
experiencing lower initial velocity as entering the system, because the tracer is stuck at the corner of 421 
the inlet weir and reverses slowly back into the main flow. It is noteworthy that flow rate was 422 
maintained the same during the single-inlet inflow period, with all inflow passing through one inlet 423 
(from lagoon B, see Figure 3). The single-inlet condition was found to support internal recirculation 424 
and inadequate mixing of the solute in the wetland, as demonstrated by the raw concentration data 425 
obtained through two tracer tests, presented in Figure 9 (a) – (b). This actual case study evidences the 426 
central role of inlet configuration in the flow regime, mixing characteristics, and thus pollutant 427 
treatment efficacy of large full-scale units. 428 
Figure 8: Tracer route during the single-lagoon inflow condition. Tracer is forced at the low flow velocity 429 
zone and spreads more slowly, following a different route (Photos taken 21/01/16). 430 
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Figure 9: RTDs for post lagoon A breakdown period effects in A-WMTS. Fig. (a)-(b) indicate the recirculated 431 
currents promoted after the one inlet operation in April (a) and in May (b). 432 
3.3.4. Effect of Outlet Layout on Hydraulic & Mixing Properties 433 
The three RSPB CWs are by construction of similar size and shape, however, they differ mainly 434 
because of their outlet configuration. The main differentiation between NW and SWs is that NW is 435 
controlled downstream by an elevated pipe, established in an embankment, while SWs are unbunded 436 
at the outlet. The difference between unbunded and bunded outlet layout results in two contrasting 437 
flow conditions, namely shallow operational depths for the SWs, which lead to a flow-through 438 
regime, and deeper operational depths for the NW, which result into dissipated velocities in NW (and 439 
frequently to detention or ponding). 440 
SWs operate normally between 0.1 and 0.2 m average flow depths, while NW allows for 0.3 m as 441 
a mean detention or ponding flow depth, before it flushes through the pipe, whereas when discharging 442 
through the pipe, water depth may reach 0.4 to 0.5 m, depending on the flow rate. Instantly, it is clear 443 
that NW allows for two operations: i) detention or ponding of effluent, occurring when flow depth is 444 
below the exit pipe; and ii) approximately twice deeper operational depths compared to SWs, and 445 
dissipated velocities. As a consequence, HRT in NW is in the order of hours, whilst in SWs in the 446 
order of minutes. Furthermore, N is significantly decreased in NW, indicating more complete mixing 447 
conditions, while the lower Pe implies less advection, and more longitudinal dispersion, as suggested 448 
also by the Mo index. In addition to this, better spread and mixing in NW is advocated by the 449 
dimensionless variance, 
2
θ
σ (see Table 3.1). The downstream outlet construction promoted dissipated 450 
flow velocities, as shown by the nearly laminar flow regime in NW, and resulted in exertion of lower 451 
pressure on stems, preventing stems deflection. 452 
Biochemical data collected in the three RSPB CWs for the potential of mitigating particular 453 
pesticides, were presented in the ERAR CRD Annual Meeting in 2016 (Whelan, 2016), and showed 454 
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that SWs, as continuous flow-through systems, presented no significant difference in certain 455 
pesticides (i.e. metaldehyde and carbetamine), while the mitigation capacity of the intermittent flow 456 
regime existing in NW was underlined. In particular, NW managed to abate significantly certain 457 
pesticides (i.e. quinmerac, metazachlor, metaldehyde), particularly because of the detention capacity 458 
of this unit, which allows for treatment time between two storm-flushing through the pipe events. 459 
This sheds some light to previous research conducted by Diaz et al (2012), who hypothesised that 460 
continuous flow-through CWs seem more effective in removing a variety of agricultural non-point 461 
source (NPS) pollutants, compared to flood-pulse hydrologic regime, which resembles the NW 462 
intermittent flow regime (Ioannidou, 2017). 463 
4. CONCLUSIONS 464 
The present study investigated six full-scale treatment units of different hydrodynamic properties 465 
and design parameters. A comparative evaluation among the units showed that internal hydraulics are 466 
significantly affected by design parameters and by smooth operational conditions, such as even inflow 467 
distribution of influent. In particular, baffles improved the hydraulic performance by a factor of three 468 
and reduced the treated effluent concentration by five times. Disturbance of the even inflow 469 
conditions was found to result in poor mixing of the treated effluent and in continuous internal 470 
sluggish recirculations. Furthermore, it was demonstrated that construction of a bunded outlet 471 
configuration can improve significantly the mixing characteristics (i.e. greater contaminant spread 472 
and reduction of the peak concentration by up to 10 times), and the hydraulic performance. 473 
Overall, results pinpointed that hydraulic performance is intrinsically connected with the treatment 474 
performance, and should not be overlooked, but should be looked in parallel instead. Of significant 475 
note is the finding that the width of the treatment unit is a more important dimension for the 476 
longitudinal mixing compared to the depth. Finally, hydraulic optimisation guides do not necessarily 477 
conform with hydraulic parameters and values obtained from large full-scale units, indicating the 478 
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need to investigate more full-sized applications on the actual site in order to cover the gap between 479 
simulations and reality (e.g. field effects).  480 
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Figures / Tables 572 
Table 2.1. Geometric characteristics of the investigated systems, influent type, and location. 573 
 
SW1 SW2  NW A-WMTS 
Control 
Lagoon 
(Clough Foot) 
Baffled Lagoon 
(Clough Foot)  
General shape Trapezium Trapezium Trapezium Rectangular Rectangular Rectangular 
Length (m) 34 32 32 105 64.5 64.5 
Width (m) (4.4) (5.3) (5.7) 40 23.5 23.5 
AR 7.8 6.0 5.7 2.6 2.7 2.7 
Mean water depth 
(m) 
0.15 0.16 0.46 0.5 3.8 3.8 
Surface area (m2) 148 170 181 4,200 1,516 1,516 
Vtot (m3) 23.5 23.0 45.0 2,100 5,760 5,760 
Vegetation Phragmites Phragmites Phragmites Phragmites - - 
Other obstacles - - - - - Baffle Curtains 
Influent type 
Agricultural 
Runoff 
Agricultural 
Runoff 
Agricultural 
Runoff 
Mine Water Mine Water Mine Water 
Location Cambridge Cambridge Cambridge Derbyshire Yorkshire Yorkshire 
  574 
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 575 
Figure 1: Schematic plan view for the in-series SW1 and SW2. 576 
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 578 
Figure 2: Schematic plan view for NW. 579 
  580 
NW 
5m 
Pipe & Embankment 
28 
 
 581 
Figure 3: Schematic plan map for A-WMTS. 582 
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 584 
Figure 4: (Left) Clough Foot Baffled Lagoon, indicating curtain locations, orientations and flow path through 585 
the lagoon. (Right) Baffle curtains (Taken from Chamberlain & Moorhouse, 2016). 586 
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Table 3.1: Hydrodynamic transport parameters obtained from RTD analyses. 588 
 
SW1  SW2   NW  A-WMTS 
Control 
Lagoon 
(Clough Foot) 
Baffled 
Lagoon 
(Clough Foot)  
Q (l/s) 20.4 22.9 5.0 70 15 15 
Vegetation configuration F. EM. (Dec) F. EM. (Dec) F. EM. (Dec) F. EM. (Dec) No Veg No Veg 
𝑡1
′  7.5 min 8.0 min 0.72 h 2.07 h 1.6 h 5.2 h 
t10 9.0 min 9.9 min 0.97 h 3.3 h 3.0 h 21.1 h 
t16/tn 0.46 0.61 0.42 0.43 0.04 0.25 
t50/tn 0.54 0.69 0.55 0.64 0.12 0.45 
tp 10 (min) 11.5 (min) 1.2 (h) 3.7 (h) 2.1 34.6 
tn 20 (min) 16.8 (min) 2.5 (h) 8.32 (h) 106.7 (h) 106.7 (h) 
tm 11.8 (min) 12.0 (min) 1.4 (h) 6.62 (h) 16.7 (h) 52.7 (h) 
umean 0.047 0.046 0.006 0.006 0.0012 0.00034 
umax (m/s) 0.073 0.069 0.012 0.020 0.012 0.003 
σ2 (h2) 0.00191 0.00076 0.20 18.45 195.94 747.28 
σθ2 (-) 0.049 0.019 0.094 0.421 0.702 0.269 
Dx (m2/s) 0.038 0.014 0.009 0.199 0.024 0.003 
Dx/hu* 56 20 74 632 60 23 
Dx/Wu* 1.8 0.6 0.6 7.9 9.6 3.7 
Re (-) 4640 5033 865 2177 2819 894 
Df (-) 0.37 0.34 0.50 0.69 0.91 0.90 
Veff (m3) 14.5 16.6 26.4 1670 902 2845 
Mo=t90/t10 1.66 1.39 2.10 4.09 12.6 4.42 
Pe 40.7 105.7 21.3 4.75 2.8 7.4 
N 20.4 52.8 10.7 2.37 1.4 3.7 
Bo = 1/Pe 0.025 0.009 0.05 0.21 0.35 0.13 
e 0.59 0.72 0.59 0.80 0.16 0.49 
λ 0.85 0.96 0.80 0.55 0.13 0.66 
F. EM = Fully Emergent; No Veg = Unplanted. 589 
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      591 
(a) Norm. RTD, Control Lagoon.    (b) Norm. RTD, Baffled Lagoon. 592 
    593 
(c) Norm. RTD, SW1.     (d) Norm. RTD, NW. 594 
    595 
(e) Norm. RTD, SW2.     (f) Norm. RTD, A-WMTS. 596 
Figure 5: Compiled RTD curves for each case study. 597 
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  598 
Figure 6: 1/Pe against Dx/Wu* indicating zero scale effects between the systems. (Right) 1/Pe against Dx/hu* 599 
indicating different scale effects between the systems. Width appears to be a more important dimension compared 600 
to depth in affecting mixing characteristics in different scale systems. 601 
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  603 
Figure 7: Tracer route during the normal inflow operational condition. Tracer takes an initial preferential 604 
path (Photo taken 3/12/15). 605 
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 607 
(a) Tracer forced at the low flow velocity area of the inlet weir. 608 
 609 
(b) Tracer follows a slow spread using the right side of the CW. 610 
Figure 8: Tracer route during the single-lagoon inflow condition. Tracer is forced at the low flow velocity 611 
zone and spreads more slowly, following a different route (Photos taken 21/01/16). 612 
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  614 
(a) April, recirculated currents.    (b) May, promoted recirculation.  615 
Figure 9: RTDs for post lagoon A breakdown period effects in A-WMTS. Fig. (a)-(b) indicate the recirculated 616 
currents promoted after the one inlet operation in April (a) and in May (b). 617 
